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ABSTRACT

RELATIONSHIP BETWEEN INTERNAL DAMPING AND
SUSCEPTTBILITY TO STRESS CORRCSION CRACKING

An experimental investigation of stress corrosion cracking in metals
is reported for several alloy-corrodent systems. Internal damping measure-
ments are made on the metals in the as-received condition and after they
have been exposed to a corrosive environment.

Tnis study is developed from the idea that me:als which are susceptible
to stress corrosion cracking exhibit changes in their damping properties after
environmental exposure. from the obtained experimental evidence, susceptib-
ility to stress corrosion cracking is associated with decreases in the peak
amplitudes of the internal damping curves, For susceptible allovs the decrease
in the amplitude is related to the exposure time or to the severity of envir-
onmental attack, The decrease occurs across either the thermmal diffusion npeak
associated with the specimen thickness or with the grain size of the metal.
Moreover, for alloys immme to stress corrosion cracking, it is shown that the
peak amplitudes remain unchanged after environmentzl exposure and when compared
to the same datum curve for the as-received material,

To explain the internal damping effects, a general theory of stress cor-
rosion cracking is postulated. Based on the experimental data, stress corrosion
cracking is caused by an increase in the dislocation demnsity within the sub-
structure. This increase in dislocation density is due to impurity atoms re-
sulting from environmental exposure, In the presence of a stress field, dis-
location concentration by impurity atoms in the interior of the grain or on the
grain boundary produces strong local increases in internal strains which lead

to the formation of stable microcracks,
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CHAPTER 1 INTRODUCTION

Modern man, like his ancestors; is driven by an insatiable hunger for
knowledge, and has struggled with the realization that the ocean is not his
natural habitat. Through the eons of time, man has ascended this pit of

darkness, and presently possesses a basic understanding of the ocean., By
applying his experience and technology he now maintains the ability to mob-
ilize and to operate for sustained reriods of time within the sea, His in-
terest in the ocean is not only stimulated by the thirst for acquiring know-
ledge, but also by the necessity for exploiting its vast resources, Conse-
quently, an unprecendented tempo of activity has been created in' studying the
marine environment and with it a demand for structures which are functional
and compatible with the ocean, The performance and service behavior for any
structure depends greatly upon the ubiquitous envirommental effects on the
mechanical properties of the materials. This environmental imteraction prod-
uces insidious phenomena in metallurgical engineering which is difficult to
isolate and requires the special attention of the design engineer,

One of the more serious problems encountered in ncean engineering apnli-
ications is stress corrosion cracking. The macrophenomenalogical definition
constitutes a cracking process cuased by the co-joint action cof stress and
exposure to certain corrosive environmenis - even for stress levels below
yield strength. It is a truly insidious phenomena of metallurgical engineer-
ing because when failure occurs it is catastrophic. The firm entrenchment of
steel as a construction material brought the prolbilem of stress corrosion
cracking to the forefront, and was found to occur in both ferritic and mert-
ensitic steelss(l)* It's devastating effect was highlighted when a complete

class of European submarines was scrapned because of cracking arownd the

*Numbers in parenthesis designate References at the end of the report.
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main hatch. (2) Later titanium alloys were hailed as the metallurgical cure
for stress corrcsion cracking, but recently a titanium alloy (Ti-6A1-4V)
wire rope catastroprically failed when stresses to 80% of yield strength and
exposed to sea water.(3) Such field faiiures combined with the future re-
quirements of higher strengths and thinner sections confront the modemn de-
sign engineer with the necessity of developing additional information. Pre-
sently the susceptibility of the high yield strength steels to stress cor-
rosion cracking forbids their implementation as the construction material for
modern oceain applications. As shown in figure i.i; the design and material
selection process draws information from basic research; material develop-
ment, and screening tests. These tests combined with basic research have
led to the successful design of ocean engineering structures manufactured
with susceptible; high strength-to-weight ratio aluminum zlloys. (4)
Originally, the phenomena of stress corrosion cracking was bekieved to
b confined to a few alloy systems. However; it now appears to-be very gen-
eral and can be expected to occur in most alloy systems given the proper com-
bination of alloy composition, heat treatment, and environment.(5) Therefore,
screening tests were developed to perpetrate a more positive design approach.
The tests initially devised for stress corrosion cracking constituted a var-
iety of tensile loading specimen fixtures.(€) When ioaded, the specimens
were immersed either partially or completely in the corrosive environment
with some alternate immersion testing also performed. These tests were basic
in design and application; and the data was reported as the accumulative time
to faiiure versus the applied stress level A practical difficulty encountered
in any stress corrosion cracking test 1s that the cracking takes nlace after
a relatively long initiation period duriny which significant changes are

difficult to observe as compared to the propagation period during which cracks
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form and grow to critical size, Thus, it is time consuming to determine whether
a given material is susceptible to a given enviromment. Sophistication in the
testing technique was obtained when Brown (7) introduced his novel stress corro-
sion cracking test which detects crack propagation in precracked specimens, The
major advantages of Brown’s test are its simplicity and the relatively short -time
required to test prone materials, However, the test method purposely circumvents
the crack initiation period and therefore does not address itself to the mech-
anism associated with the early phase of cracking.

Design engineers now realize that the phenomenon of stress corrosion crack-
ing constitutes a limiting factor for any environmental design, Thus it is of
paramount importance that detecticn tests be developed to ascertain susceptib-
ility before crack propagation cccurs and that the mechamnizm of susceptibility
be fully understood. This understanding of why materials fail-bejow their yield
strength in certain environments would significantly aid the efforts of the
design engineer in recognizing the magnitude of the problem-and affording him
alternate design procedures. An elegant approach to detecting-the proneness of
susceptible systems in the crack-initiation phase has been introduced by Thiru-
vengadam. (8) By examining the individuai damping characteristics of materials
exposed to susceptible environments, changes were detected in the materizl damp-
ing properties long before any microscopic evidence of cracking became noticeable,

Naturally, the initial technique required additional testimg to -insure
reproducibility and to validate the reliability that susceptible materials under-
go changes in their internal damping characteristics. It was this motivation
which prompted the present investigation. Among the great variety of testing
techniques, detecting changes in the internal damping characteristics of sus-
ceptible materials is the most important of all approaches., This concept util-

izes the specific damping capacity of virgin specimens (i.e., unexposed to

3
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corrosive environments) in evaluating changes resulting from environmental
3 exposure. As a result, prone materials are determined before crack propa-

gation begins, and the mechanism of stress corrosion cracking can for the

L

first time be evaluated from changes in a specific property of the material.
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It is therefore the ohjective of this investigation to develop a reliable

LAY e

detection technique and to establish a design criterion to detect suscep-

tible systems.

et

In chapter II, the theoretical considerations of intemal friction ;
are presented. This presentaticn includes a discussion of intemat friction
as a thennal relaxation process, and an application of thermal diffusion as

a relaxatior process to study the mechanical behavior of grain boundaries.

™
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Mcreover, the phenomenon of internal damping is considered from the motion
E of dislocations which are "pinned-down' by impurities.

Chanter III i3 introduced with a description of the apparatus which in-
cludes a discussion of the operational procedure. it is concerned with the
experimental variables involved and an analysis of the data,

The experimental data is presented in chapter IV,

A discussion of the experimental data is presented in chapter V, which

includes a comparison of the experimentai and theoretical values of the dif-

i g s

fusion peaks. Moreover, internal damping curves are presented for susceptible
alloys as a function of exposure time and for different corrosive environments.
Non-susceptible alloys are evaluated gnpd a design procedure is presented for
the various aluminum systems. A general theory of stress corrosion cracking is
postulated as approaghed from the concept of increased dislocation density and
measurements of the material s specific damping capacity.

In chapter VI, a discussion 1s presented of the limitations and assumntions

which are made in this report. It is recognized that this study is the beginning

P ol
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step towards an important goal of establishing relationshins between changes
in the damping properties of a material and the material'< reaction to its
environment,

The conclusions reached are discussed in chapter VII,

The report is concluded with a discussion of the future work that should
be performed. This future work is presented in chapter VIII and considers
the effect of specimen thickness and the previous stress history. The eagin-

eering applications of this investigation are also presented.
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Figure L1 Engineering Aspects of Stress Corrosion Cracking

MASTER CHART FOR STRESS CORROSION CRACKING
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CHAPTER II THEORETICAL CONSIDERATIONS

A.  CALCULATION OF INTERNAL FRICTION

From the theory of elasticity based on Hooke's Law, a body is consid-
ered in equilibrium under the action of applied forces and the elastic defomm-
ations take on static values. In this case, the equations of motion of the
solid are obtained by equating the products of the masses and accelerations
E to the elastic forces - wherein it is assumed that no other forces are in-
A velved. This treatment is sufficiently accurate for solids in whith the time
bewtcen the application of the force and the resulting effective equilibrium
is short as compared to the time during which the observation is made. Many
solids do not depart seriously from this perfectly elastic behavior for small
deformations and the obtained results agree well with the predictions from the
elastic theory Within the realm of Hooke's Law the only wifferences between
individual solids results from differences in their elastic constants and
their densities. However, when solids ave subjected to forces which are rapidly
changing, the response to these forces must be considered in terms of the dynamic
elastic properties of the material (9)

Real solids are never perfectly elastic, so when they are set in vibra-
tion some of the mechanical energy is always converted to heat. Thus during

vibration, the free osc:llations of the specimen decay even if it is environ-

E mentally isolatel. The various mechanisms by which this occurs are collect-
‘ ively termed as internal friction. The vibrational amplitude of a specimen
should, in the absence of internal friction, increase indefinitely when vib-
rating at its resonant frequency; but in practice this amplitude always assumes
a finite value Moreover, real solids exhibit a hysteresis loop whereby the

stress-strain curve for decreasing stresses does not exactly retrace its
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upward path., Even though the magnitude of the hysteresis loop is negligible
for static loading, it is an important factor in the materials dynamic response.
In addition to hysteresis, engineering materials exhibit mechanical relaxation
by an asymptotic increase in strain resulting from the sudden application of

a fixed stress, and conversely by an asymptotic relaxaticn in stress whenever
they are suddenly strained. This mechanical relaxation has an associated re-
laxation time, the direct result of which is the severe attenuation of vibra-
tions whenever the frequency of vibration has a period that approximates the
relaxation time,

The most direct method for defining internal friction is the ratio AW/W
where .W is the energy dissipated in one cycle and W is the total elastic
energy of the cycle. This ratio is called the specific damping capacity and
can be measured for a given cycle without any assumptions being made about the
nature of intermal friction. However, the obtained value generally depends
upon the specimens' stress level and the frequency of vibration,

For polycrystalline metals, it was shown by Zener (1G) that the-mal losses
are the contributing factor for intemal friction and therefore, the mechanism
of internat friction is described herein as a thermal relaxation process.
‘hanges in the -volume of a solid are accompanied by changes in its &emperature.
When a solid is compressed its temperature rises and when it is under tensile
load its temperature drops. In considering the case of a reed vibrating in
transverse osciliation, each time the reed flexes, the inner side is heated
while the outer side is cooled. Thus there is a continual flow of heat across
the reed as it umdergoes transverse vibrations. If the motion is slow, the
heat has no time to flow across the reced, adiabatic conditiomns occur and again
there is not heat loss. For transverse vibrations whose frequencies are com-

parable with the time required for heat to flow across the reed, there is an
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irreversible conversion of mechanical energy into heat which appears as in-
terral friction, Zener (11) has solved this heat transfer problem and shows
that for a vibrating reed the specific damping capacity is given by

I\ TEB2 Wy

1
’W=2?(c)w2 2 2.1)

+ oy

8
where4( = (/hf D andis the themnal diffusion coefficient, The thickness
of the reed (h) is in the plane of vibration. The frequency (fo) at which
the specific damping capacity is a maximum for a rectangular cross-section

reed is obtain&d from equation 2.1 as

(2.2)

o"h

1}
Nl =
:‘.)."\j o

Internal friction resulting from themal diffusion occurs whether or not
the solid is homogeneous. Within any polycrystalline material, neighboring
grains may have different crystallographic directions with respect to the
direction of strain and are thus stressed by different amounts when the spec-
imen is deformed. This produces temperature differences between grains and
minute thermal currents flow across the grain boundaries, Randall, Rose and
Zerer (12) have measured the internal friction in brass specimens of various
grain sizes and found that, at the frequencies used, the maximm damping
cccurred vwhen the size of the grain had a value close to that predicted by
equation 2.2. However, care must be exercised in determining the grain size
(m)} which is defined (13) in centimeters as

1

rain size = -
8 nl/2 2.3)
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Here (n) is represented as the mean number of grains per square millimeter,
The important physical interpretation of this theoretical work is that
thermal diffusion is a relaxation process. This process is governed by a

characteristic time which corresponds to the peak frequency and is referred

to as the relaxation time,

B. GRAIN BOUNDARY BEHAVIOR

\e used the ideas of internal damping as a thermmal diffusion and re-
laxation process in order to study the mechanical behavior of grain bound-
aries for polycrystalline materials. (14) By conducting experiments on the

] damping characteristics of pure aluminum, the corresponding intermal friction
being produced by grain boundary slip was investigated, - Moreover, it was
shown that the intemal friction could be accounted for by assuming that the
grain boundaries behave as a viscous material; and an elementary model for
viscous slip along the grain boundary was constructed, The result of the
model relates the viscosity (n) of polycrystalline metals to their relaxation

time ( : ) as fcllows:

4

"
=i f =0

[xe]

(2.9)

where (d) is the effective grain boundary thickness, (E) is the Young's
Modulus and (m) is the grain size. The viscosity for pure aluminum was
computed from equatjon 2.4 by determining the elastic modulus as a function
of temperature from the natural frequency of vibration, and by determining
the relaxation time from internal damping measurements. The calculated
value for the coefficient of viscosity for aluminum as obtained from equation

2.4 vas found to be within experimental eryror as measured by convential means.

10
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Another approach to the mechanism of viscous slip along the grain bound-

ary was presented by Orowan (15) who considered disordered arrangements of

atoms which are referenced as "disordered groups' or dislocations. - By deter-

A s

mining the stress distribution around the two critical atoms in the:*disordered

FORTRSNTY O o)

group"”, and by determining the shear process by which they-can pass over one ¢

another, an expression was cbtained for the coefficient of viscosity of inter-

crystalline slin gs:

1] =

T JYRT (2.5)
)

Sparvsi eas st nirh pa et s A

where the accivation erergy (H) 1s that vhich is required to pass the two

3 critical atoms over each other, anc¢ (s) is the density of *'disordered groun",
Equation 2,5 concurs with the observed fact that the temperature variation
of grain boindary viscosity follows an erponential law, By observing the vis-
cous hehavior of grain boundaries under small sheaviny stresses; King, Cahn
and Chalmers (16) showed that the mechanism of grain-toundary slip in temms
of “disordered groups" experimentally satisfied the mechanical behavior of
grain boundaries,

Prior to Orowan's work, Ke (17) had considered the temperature depend-
ence of internal friction and of the modulus of elasticity for aluminum as a
function of frequency and grain size of thie specimen. Emnloying torsional
vibrations, it was demonstrated that the manifestiations of internal damping
can be expressed as a function of the parameter (m°f eH/ RT) and a relation-
ship was experimentally obtained for the specific damping capacity of alum-

inum as follows:

sl T
5 (mieu/m

) (2.6)

11

‘_
—————
- ——




4 TV T
e v T R SRR T A T T PR AP T N S Y AR AT 2 T T A ey = "
o T S Y T R T ST T S T e T and -
!‘ -4

TN S Y

where (H) is the activation energy associated with the stress-relaxation

across the grain boundary, arising frcm the viscous behavior of -the grain

boundaries. Intermnal friction measurements were experimentally-observed i
for two different grain sizes of aluminum and for two different frequencies
of vibration. The data was then plotted against the above parameter, This 3

data formed a smooth curve showing that the generalized statement given in

equation 2.6 is valid within the range of grain size studies.

YT AT

The considerations described above hold only when the grain size is
1 smaller than the linear dimensions of the specimen. For vibrating reeds,

this means that the grain size must be smaller than the thickness of the

TR TN

specimen, When the grain is extended completely across the specimen, its

PRI T 91 X VIR RPN VA TTRC RN BTN AT, D

grain boundaries can no*longer be considered as isolated viscous regions

WYOTIEETIYRY

surrounded by an elastic matrix. The locking action of the grair edges and

corners may not exist and the stress relaxation may be umlimited.

C. INTERNAL FRICTION DUE TO RISLOCATIONS

It is well known that the phenomena of intermal damping results from
the moticr of dislocaticns which are "pinned down' by impurities, by nre-

cipitates and by other dislocations. Internal damping for metal crvstals

is sensitiveiy dependent on the amount of previous cold work and on the
purity of the metal, (18) By performing intemnal dampirg measarements made
over several orders in magnitude range, Koehls: (19) comnsidered the effec:
of impurities on the logarithmic decrement, Copper specimens were subjected
to external shearing stresses for a large range cf frequencies and it was
assumed that since diffusion is an extremely slow process at room temmera-
ture, the impurity atoms are compietely unabie to follow the alternating

stress. The dislocations are therefore anchored to the impurity atoms and
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it is assumed that the nortion of the line dislocaticn betwecn two impurity
atoms oscillates on its slip plane like a stretched string, Thus, the fewer
the impurities the longer is the string length, Moreover, interactions of
dislocations between one another is assumed negligable, Koehler soived tne
governing differential equation relating the applied shearing siress tending
to move the dislocation along its slip plane to the equaticn of motion of
the pirned-down dislocation loop.

it should be noted that impurity atoms tie down only edge-type dislo-
cations, 1T:e splitting of a whole dislocation into partial dislocations
occurs in the body and face centersd cubic metals in such a way that it is
impossible to obtain a screw-type dislocation in such crystals, (20) T¥
this were nut the case, the influence of impurities on the mechanical be-
havior of the cuvic crystils would be much less marked,

Koehler btained expressiors for the average displacement of a-dislc~
caticn of a given length, and for the cheacring strain produced by this single
loop in a ziibe of material of edge (L). Furthermore by consideving a2 random
distribution of sclute atoms xlong whe disincation line, an-expreseion was
obtained fcr the probazility of {inding %o impurities separated by solvent
ators., The probability is directly proportional *o the ‘ccncentration of im-
purities [¢) alonp the disiocaticn line. Finally, the logarithmic decrement
was caicuiated from eguation 3,11 by obtaining exymessicns for the energy loss
per cycie and for the tntal vibrational energy in th2 cube, The decrement

was fuurd to vary witk concentratioi of impurities as follaws:

2o ML - 92 (1Y) @.7)
c4L‘>I:

where (p) is the interatemic snacing, and (N) is the mumber of atomic lengths

13

o W N T~ b Sl SRR 2 S i ML . S bl . SATNT e AT s P — &
"X S Sy St e L

i

PP e g Sy

P S R S PR S




PTG P T ITINT

e S WEEERER R i e T n Ipe ey TR e TS T M T e W S T T T e R e S T e AT SR ST o7 AT S

of dislocation line and (B) is the damping force acting on the dislocation.
Experimental verification of equation 2.7 is found in the fact that inter- f
nal damping measurements conducted on copper after forty hours exposure at
1600°C in vacuum showed that the logarithmic decrement was an order of mag-

nitude greater when compared to the logarithmic decrement of coprer after

twenty hours exposure at 1000°C in hydrogen at atmospheric pressure Dis-

ORTFLORY NI WY %Y

location concentration was further increased when a small percent by weight

of iron was added to the copper during melting and exposed to the above
vacuun anneal . The logarithmic decrement for the coprer-iron alloy decreased
tvo orders of magnitude as compared to initial copper measurements .

Further verification to the theory regarding a decrease in intemal fric-

tion by the pinning of free lengths of dislocation lines by impurity atoms

is preseuted by Thompson and Holmes. (21) Internal friction measurcments were :

A Al L umd e

made on zopper specimens subject to neutron bombardment. The investigators

Ly s

shown that the neutron damage adds to the effective impurity pimming alreadv

[YPRPNH

present through interstitial and vacancy atoms. The work is emperical in the
fact that the logarithmic decrement decreases for increased neutron bombard-

ment However, it is impossible to obtain dependable values for the disloca-

hot o A ot 2L and st e M

tion line density or the original pinning point density from the data because
of the uncertainmity in the effective number of pinning points produced per
neutron collision and because of the uncertainity in the magnitude of the

contribution from a given free length of dislocation line to intemal frictiom.

14
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CHAPTER III EXPERIMENTAL PROCFDURES

Th= development of an experimental vrocedure for detecting changes in
the internal damping capacity of engineering matexials is one of the high-

lights of the present investigation. Testing is performed on cantilever

specimens of constant rectangular cross-secticn which ave clamped at one

end and set into natural vibration by marually exciting the free end. From

the resulting decay envalcpe, the fregquency of oscillacion and the specific
damping capacirty of the test materials axr: easily calculated. (22,23,24)
Wirthin the framework of developing a3 testing procesivre, it is imperative
that the experimental variables be isolated initially and then s=atdardixed.
Wheaevex the cumulative magnitude of these variables exczeds engineering

reproducibility, their individual effecrs on. the.specific damping cavpacity

nust be.evaluated. In this fashion, the deiiberating effects of wariable

parameters remain dormant during succeszive phases. of the experiment, and

engineering.reproducitility of results cas be actievad., Moreovar, before an

experimeantal prccedure can be validated, it 13 uecessary to consider an

«rror avalysis of the dzta. I9nly aiter thcse verisbLles which ezffent the

enginerrirg reproducihility of data have been contaised, is au error analysis

of rhe data possible.

This chapter is introdacad with a dsscription of the spparatus whick

includes a discus

‘icn of thz operaticnal procedure, zid subsequently addresses

itcelf. to the experimental varisbles involved, and tc an arnalysis of the

enginz2ering data. The chapter is concluded wirh & discussion cf the phvsical

limitations of tte apparatus. In the subheadings that follow, by definition,

experimertal variables conssitutes standardizea pararevers necessary for

data reproduribility, whereas error analysis incluaes those factors effecting

the validity of the result.

ETYSTI TETECTATATR, P R T,
L Y LT e S RIS AT e -

- - 2 e i i i Tkt W x A e - -
e T kWA A i meen Cabhilad Sem

w4 dpoc ad

2

v v\ G 40

SN TSI ROV S Y]

5 bt e N At

PRSI 27 S 1 LS UL Y SRR




TPV [T TATRR TR

Aascult Siy

as cae Bl T

-
v
4

e e RS T L KT A

TR T s Lt
S e S A ST TS T P T TS T Sl R

ROTY

A, OPERATING PRINCIPLES

1, DESCRIPTION OF APPARATUS

The apparatus used for this experiment is shown pictoriaily and schem-

EUTTPI URTNE S OU TR IR Tt

atically in figures 3.1 and 3,2 respectively and consists of a commercially
available capacitive transducer and cathode follower, frequency analyzer and ]
oscilloscope with camera attachment. In order to detemine accurately the
frequency of vibration, an electric counter was added,

The core of the apparatus constitutes a test fixture which clamps the
specimen and houses the capacitive transducer. This test fixture is adjust-
able for variable specimen thicknesses and lengths., Secondary vibrations

including ground-loops are completely negated by design. Moreover, a small

RYPPTTRCEIYLT7 § P T SUITRRPERIEE S

seating device insures identical boundary conditions at the clamped end
every time the specimen is removed from the test fixture, This device is
shown in figure 3.3 with a test specimen., Furthermore, the energy dissipated
between the vibrating specimen and the clamps is minimized by employing
ground and hardened steel jaws. Thus the data is based on lengitudinal

stress distribution and needs no consideration of stress concentrations at
the fixed end,

2, OPERATIONAL PROCEDURE

Standard ASTM sample preparation procedures for conducting stress cor-
rosion cracking tests on aluminum alloys dictates that the specimens be
cleaned in 5% sodium hydroxide solution at 80°C for one minute and then
desmutted in cold concentrated nitric acid for thirty seconds and finally
rinsed with het tap water. (25)

Once sample preparation is completed, it is necessary to position the
specimen properly in the test fixture., Attention is given to the specimen

positioning since specimen alignment and clamping torque are two of the

16
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variable parameters found to exist in the experimental -apparatus. Therefore,
proper positioning must insure that the race of the specimen is aligned par-
allel to the capacitive transducer, and that the clamping torque is adjusted
to its predetermined level. By utilizing a set of calipers, the maximum
skewed deviation between the specimen and transducer is 002 inches, Better
parallelism could be obtained with more sophisticated instrumentation, but
the excellent reproductibility of results and the precise validity of the
specific damping capacity does not warrant the more expensive equipment.,
When the positioning of the specimen in the test fixture is completed,
the actual testing of the material is initiated, The design of -the experi-
mental proc:dure evolves from the fact that the specific damping capacity
measurements are made over an order of magnitude in frequency. By knowing
the material properties of the test specimen, the natural frequency of vib-
ration can be obtained from the solution of the governing differential equa-
tion for the free lateral vibration of prismatic bars, (21) Assuming that
the flexuaral rigidity (EI) remains constant along the length of the bar,

the general equation for the laterial vibration is:

52\' . 32 34\-'
7 =0 (3.1)
Jt 9N e

where a2 = {Elg/Av) , and (v ) is the weight of material per unit volume.

The solution of equation (3.1) can be represented as follows:

y = X(A cos « t + B sin wt) (3.2)
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Substitution of equatior 3.2 into equation 3.1 gives:

X wZX

= —;2— (3.3)

Qe

a.‘-‘5

The general solution of equation 3.3 is written in tbe form:

X = C1 (cos kx + cosh kx) + C2 (cos kx - cosh kx)
(3.4)
+C3 (sin kx + sinh kx) +C4 (sin kx - sinh kx)

2
where k! = ( w /a2 ). The boundary conditions for the clamped-free beam

are as follows:

3) X+ =0 4) Xt =0

X = 2 X= *
Apply the first two boundary conditions to equation 3.4 and making full use
of the symmetry of the problem, C1 = C3 = 0 in the general solution, The
two remaining boundary conditions give two equations for the remaining un-
known coefficients, Since the expression for these coefficients is super-
fluous, and since they may not simultanecusly and identically vamnish, it is
required that the deteminant of the coefficients for the two equations must

vanish, The aforesaid gives the following transcendental equation:

cos k & cosh kz = -1 (3.5)

18
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for which the first root is k1 2 = 1,875, The frequency of vibration of any

mode is:

£ = o (3.6)
Thus the first modal frequency is:

f - B8 (HIey V- o

Representative theoretical and experimental values for equation 3.7 are given
in figure 3.4. The relevency of this exercise is found in the fact that

the frequency variation is obtained by shortening the specimen length. Thus
prior frequency to length correlation is beneficial, Initially, weights

were added to a smaller specimen length in order to obtain the lower frequeacy
boundary condition (4) is no longer valid when the attached mass becomes
"appreciable" (27)., For this situation the boundary at x = & 1is free, but
is rigidly connected to a body of negligible d*mensions an: appreciable mass
M). Thus, the moment is zero, but the shear force causes an acceleration of
the body (M) which equals the acceleration of the boundary section to which
the body is attached, Whenever the mass becomes appreciable, boundary cond-

ition (4) is replaced by:

ey B oy
33 312

Employing this condition, a complex form of the transcendental equation is

obtained.
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B. EXPERIMENTAL VARIABLES

1. SPECIMEN ALIGNMENT

As previously mentioned, specimen alignment 1S one of the experimental
variables found to exist in the experimental apparatus. The deleterious
effect of specimen mis-alignment on the specific damping capacity of 2024-T4
aluminum 1s shown in figure 3.5. This curve is obtained bv varving the align-
ment between the specimen face and the cpacitive transducer as shown in the
inset., Only when the specimen is parallel to the face of the transducer is
reproducibility obtainable. 71he specimen alignmemt 1s made with a set of
calipers and 1s valid within a total variation of 002 inches. Moreover,
the aligned specimen, although indicating engineering reproducibility, annears
to be dependent on the specimen clamming torque.

2. CLAMPING TORQUE -

Because of the aforesaid ind:cated dependency of the specrfic demping
capacity on the specimen clamp torque, figure 3.6 was cbtained to ascertain
the magnitude of this experimental variable. As shown, the damping capacity
variation is non -existant for large clamping torques.
3. STRESS LEVEL

It 15 a well known fact that the specific damping capacity of pure alum-
inum varies as a function ot the stress lewel.(28) Therefore, experimental
data was obtained for various stress ievels of 2024-T4 aluminum, and the stress
level effect 1s evaluated as shown in figure 3.7. Data reproducibility becomes
extremely accurate with the foregoing expeiimental apparatus providing the
above mentioned variables are evaluated and standardized within the experimental
procedure, Standardizaticn of the experimental variables established for
2024- T4 alumnum requires proper specimen alignment; a clamping torque of 140

inch pounds and a specimen stress level of 1000 psi.
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Experimentally, the maximum stress level of the specimen-is obtained by
deflecting the free edge a distance  max, as shown in the inset of -figure
3.8. Because the specimen is shortened continually during the expenmnt,
it is necessary to correlate the maximum deflection corresponding to vari-
able specimen lengths for a given applied stress level, This is accomplished

by use of the beam equation, and representative computations are shown in

figure 3.8,

C. ERROR ANALYSIS

1. DETERMINATION OF DECAY INTERVAL

Before the experimental procedure can be validated, it is necessary to
gonsider an error analysis of the data, A representative data decay envelope
ccntains approximately 120 cycles, The problem regarding the detemminatiom of
the decay interval is two-fold in scope, The first part of the probiem is to
determine what percentage of the total cycles should be considered for the
decay interval, and secondly where within the decay interval shoufd these
cycles initiate and terminate. Figure 3.9 shows the variation in the specific
damping capacity of 2024.-T4 aluminum with respect to the length of the decay
interval. The mean specific damping vaiue from the data is ,0338 as repres-
ented by a decay interval of 70 cycles., Also by varying the abscissa, the
linearity of the associated logarithmic decrements is found in figure 3,10.
The associated standard deviation for the decay intervals varying from 56 to
11Z cycles 1s 1,2 x 10”4, The above data is obtained from the photograph in
figure 3.11, and from the accompanying charts in figures 3.9 and 3.20.

Experimentally, the amplitudes are measured with a Gerber scale every
ten cycles and then the Ao/An ratios are plotted on semi-logarithm graph paper

through which a straight line is drawn. The logarithm of the intercent is
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recorded and the logarithmic decrement'is-obtained by dividing -the-intercept
by the appropriate number of cycles. The specific damping capacity -is ohtained
from the logarithmic decrement.

Because of the linearity of the logarithmic decrements amd tire-associated
standard deviation, a frequency data interval of 70 cycles is chusen, It is
now necessary to determine where the data interval-should-be-located-along
the camplete decay curve., Figure 3,12 shows the variation-im specifir.damp-
ing capacity as a function of interval location along-the decayenvelspe. For
exampie, o, is the logarithmic decrement associated with-the-specific damp-
ing capacity for cycles Ao - A70; whereas op is the decrement-asseciated
with the damping capacity for cycles A1 4 Agy, etcetera, - The maximer error
found in the variation of the specific damping capacity is 1.2%,~ -Because of
the obtained specific damping values the data interval reference -is-chosen

at )\1 4 and terminates at A8 4

2, SPECIFIC DAMPING CAPACITY AND LOSS FACTOR

The question arises concerning the exact form of data presentation, Many

investigators (29,30) present their data in the form of the loss coefficient

defined as:

,ol

[

R e
$|5
o

where (b) is an integer (usually 2) and (ob) is the time required for the
amplitude to decrease 1/b of its original value, From the photograph shown
in figure 3,13, ¢, is measured as .6 seconds and for b =2 and at a fre-

quency of 72 Hertz the loss coefficient is:
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By an alternate definition, the loss cgpefficient can also be calculated from

the logarithmic decrement (31) « as:

2 |R

-1
Q (3.9)

L X 1n3.05) = .00507
m 70

Employing the same data, the specific damping capacity (32) is calculated as:

R (3.10)

.03185

where oW is the energy dissipated on one cycle, and W is the-total energy
of the cycle, Expanding equation 3,10 the following approximation is ob-

tained:

%‘X‘EZQ
(3.11)
= ,03186

Thus, there exists the following approximate relationship between the specific

damping capacity and the loss coefficient (33):

1 AW - -1
= = -00504 = Q (3.12)

The first definition of the loss coefficient, equation 3.8, is discarded
because of the uncertainty in determining the relaxation time UJL-, . Moreover,
the loss coefficient as defined by equation 3.9, is normally associated with
steady state vibration, and not natural decay. Thus, the specific damping capa-
city, although a slightly more tedious calculation, is used as the measurement
of internal damping.

23
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3. STRAIN HARDENING

The decay curve is obtained by deflecting the free end of the cantilever
specimen, a distance max and then releasing the specimen, Sime the specific
damping’ capacity is measured for a range of frequencies, it is-advantapeous to
determine any detrimental strain hardening effects on the material damping pro-
perties. Thus the specific damping capacity of 2024-T4 aluminum must be evalu-
ated against a number of times the specimen is deflected and then released. As
shown in figure 3.14 the material damping capacity remains unchanged even after
the specimen has experienced 1600 vibrational decays.,

4, AMPLIFICATION FACTOR CURVE

An original controversy regarding the internal damping'curves constituted
the age old argument that the testing apparatus measures an amplification fac-
tor and not the material response. The only ampiification existing in the
testing apparatus is the distance between the capacitive transducer-and the
specimen, Therefore, an amplification factor curve was obtained to determine
what effect, if any, this distance has on the damping capacity. - As shown in
figure 3.15, the amplification proved negative., Furthermore,- the presented
results are in agreement with damping values as indicated in reference 34.
This agreement with other investigators 1s noteworthy,

5. TEMPERATURE EFFECT

Internal damping is described as a themmal relaxation process, amd' there-
fore the damping response is temperature dependent. For aluminum alloys-the
thermal relaxation peak occurs at approxiamtely 300°C and the specific damping
capacity is temperature independent to 1500(1: Because of the fluctuations in
room temperature, the damping capacity of 2024-T4 aluminum was evaluated for
representative temperatures, and as shown in figure 3,16, the temperature effect

on the specific damping capacity 1s non-existent.
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6. AIR DRAG AND INTERNAL DAMPING R

When a thin beam vibrates transversely in air, the various-dissipative
forces cause the vibrations to decay. These forces develop -from-the internal
characteristics of the beam material or from the various external effects
such as air drag and energy dissipation to the beam support. Baker, Waolam;
and Young (35) present the results of an analytical and experimental- investi-
gation into several of the effects which damp vibrations of thin-beams, The
specific effect studied is air drag on internal damping, All-other possibie
sources of dmmping were neglected in the amnalysis and minimized: in-the-exveri-
ments, These investigators report measurements of intermal-damping for canti-
lever beams in air at standard and reduced atmospheric pressure. -The-imdepend-
ence of the drag forces or beam dimensions and frequency of vibration is fully
investigated., From this investigation, it is concluded that one mneed-not - - -
consider drag forces. Thus, no attempt is made to standardize the atmospheric
pressure.

7. VALIDITY OF PURE ALUMINUM e

After those factors which control the reproducibility-of the natural
frequency and the corresponding error in the measurement ha.e been evaiuated,
the validity of the experimental procedure is detemmined by comparing a known
frequency curve with data obtained from the present procedure. A frequency
curve is defined herein as the variation in internal friction as a fumction
of frequency. Bennecwitz and Rotger (36) present the frequency curve -for pure

aluminum as measured with a torsional pendulum. This curve is reproduced in

figure 3,17 along with data points obtained by the present experimental pro-
cedure, The comparison between the frequency curve presented by Rotger and
the obtained experimental data points is, for all intents and purposes, ident-

ical, Thus, the experimental procedure is proven both reproducible and reliable.
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Specifically, for this experiment, the internal damping curve fur the
virgin specimen of 2024-T4 aluminum was reproduced, Thereafter, the' internal

damping values for each frequency were determined from a single set of datum,

D, LIMITATIONS OF THE APPARATUS

1, SPECIMEN THICKNESS

With the collection of experimental data, it is imperative that the
limitations of the apparatus be realized. Within the confines of this exp-
eriment, we concemn ourselves with specimen thickness and geometric factor
as related to the maximum specimen frequency.,

The limitations on the specimen thickness contain both upper and lcwer
bounds, Very thin specimens may not obtain the magnitude in frequency that
is required to transverse the internal friction pezks associated with-thermal
diffusion across the grain diameter or specimen thickness, On the" other hand,
very thick specimens carnot be set into natural vibration by manvally exciting
the free end. The specimen thicknesses for alumimum alloy 2024-74 that are
evalusted in this experiment range from ,030 inches to .120 inches, As shown
in figure 3.18 the frequency reaches a maximum of 750 Hertz for a ‘specimen
thickaess of .044 inches. The maximum frequencies associated with Zie various
thicknesses results from shortenung the specimen to its minimum obtaimable

length and still maintaining a representative decay curve on the oscilloscope,
2, GEOMETRIC FACTOR

The natural frequency of vibration as obtained from the exact solution

of the governing differential equation is given by equation 3.7 as:

3.515 EI g 1/2
fl T 2= (.*5%)

cw X
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For specimens of rectangular cross-secticn, esuation 3,7 can be reduced to:

. 3.515 1/2 h
£ = B2 (igg‘ TZ) (3,13)
: = constant (h/szz)

where (h/ iz) is defined as the specimen geometric factor. Thus one can
determine experimentally the minimum length associated with each specimen

thickness and obtain the corresponding geometric factor. The experimental

frequencies are compared with the theoretical values in figure 3.19.

The geometric factors associated with a frequency greater than 500 Hert:z

are below the theoretical values, Thus, the apparatus does not pemmit a

representative decay curve to be obtained for the theoretically calculated

minimum length. Even though the specimen lengths could Le reduced, the

observed decay curves were not revresentative, These limitaitons placed on

the maximum frequency by the apparatus, also place a limitation on the in-
ternal damping peak associated with the grain diameter, For extremely small
grains, the apparatus does not have the cavability to determine the corres-
ponding irternal damping peak, because peaks associated with very small grain
diameter specimens would be above the maximum obtainable frequency, The

limitation placed on the grain size of 2024-T4 alunimum is ,024cm,
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Figure 3.1 Experimental Apparatus
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Figure 3,5 Specimen Alignment Calibration




040
— +
% :
- .05} 8
>
':_-_; +
o4 ®
g
£
a
= .05 |
&
020 |
1 1 1 ) [ ! i
40 120 80 40 10 5
Clamping Terque (inch pounds )
f = 55 Hertz

stress level = 1000 psi

Figure 3.6 Clamping Torque Calibration
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Figure 3.7 Stress Level Calibration
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Figure 3.9 Specific Damping Capacity vs

Length of Decay Interval
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Figure 3.1l  Data Pholograph for Determining
Decay interval
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SAMPLE DATA | MEAN DEVIATION (x. -%)2
X, X. - X '
I |
| 0336 -. 000! X108
2 0338 +.000} X108
3 0339 +.0002 ax 108
-8
4 .0336 -. 000! IX10
5 0336 - 000! X108
X.=. 1685 2 1X; -XI=.0006 ) 8
| SIX.-X)=8X10
X=.0337 '
|
= 8,2
4 o=(g X8X 10" )

¢ =standard deviation=1.26 X 10

Figure 3.20 Determination of Standard Deviation




CHAPTER iV EXPERIMENTAL DATA

The internal damping curves and supporting charts presented herein
constitutes data from a series of experiments conducted on known systems
- either susceptible or non-susceptible to stress corrosion cracking,
Figures 4,1 - 4,1D and 4,2 - 4.2B represent internal damping curves for
aluminum alloy 2024-T4 and includes specimens of .lcm and ,07cm in grain
size respectively. Supporting data is found in the charts of figures 4.9
and 4,10,

The results of experiments conducted on aluminum alloy 2024-T4
after exposure to different corrosive environments are found in figures
4,3 to 4,3C, In contrast to these, a time controlled experiment was
performed on type 304 stainless steel in boiling magnesium chloride with
the representative curves found in figures 4.4 to 4.4C. Variation in the
specific damping capacity as a function of time is presented in figures
4.5 to 4,7 for both susceptible and non-susceptible systems, i.e, copper
in sea water, steel in sea water, and brass in ammonia respectively.
Figure 4.8 shows the resulting change in the specific damping capacity of
a non-susceptible system before and after exposure to a corrosive envirpn-
ment,

In utilizing the method for measuring the dynamic elastic properties
of the materials presented herein, the internal friction could not be cal-
culated from the experimental measurements unless certain assumptions were
made about the linearity of the system. The assumpcion made was that the
type of mechanical behavior was independent of the amnlitude of the deform-
atio